T he expression of fetal liver proteins is frequently reactivated in human hepatocellular carcinoma (HCC), and gene expression patterns similar to those found in hepatoblasts have been shown to be associated with less favorable prognosis in patients. (1) We previously identified 15 genes that are specifically and differentially expressed in mouse liver tumors that are induced by a mutagen 4 injury and found that their expression is activated in fetal and neonatal livers. (2) Although the activation of fetal/neonatal genes in these liver tumors, which is suggestive of the dedifferentiation of transformed hepatocytes, could play an important role in hepatocarcinogenesis, the molecular and cellular mechanisms for the activation of these genes have remained obscure.
Genome-wide analyses have comprehensively revealed the characteristic driver gene profiles in HCC (3) that are associated with the activation of critical oncogenic signaling pathways, including the RAS/ mitogen-activated protein kinase (MEK)/extracellular-signal-regulated kinase (ERK), phosphoinositide 3-kinase (PI3K)/v-akt murine thymoma viral oncogene (AKT), and MYC pathways. (4, 5) However, because of the complexity of genetic abnormalities that are present in individual liver tumors, it has been difficult to examine their interactions in human HCC as well as in liver tumors in conventional animal hepatocarcinogenesis models. Recently, by combining hydrodynamic tail vein injection (HTVI) and the Sleeping Beauty (SB) transposon system, an oncogene-mediated murine hepatocarcinogenesis model has been established. (6) In this model, any oncogenes integrated in a transposon cassette vector can be stably introduced, singly or in combination, in the hepatocyte genome, and hepatocyte-derived tumors can be rapidly induced, thus providing a particularly suitable experimental system for examining the hepatocarcinogenic potential of various oncogenes and their interactions.
It is possible that the activation of the oncogenic pathways and fetal/neonatal gene expression in liver tumors might be closely associated. Using the transposon-mediated mouse liver tumor model, we examined the interactions among human HRas proto-oncogene, guanosine triphosphatase (HRAS V12 ; hereafter referred to as HRAS), human myristoylated AKT (myrAKT; hereafter referred to as AKT), and mouse Myc and reported on the critical role of Myc in hepatocarcinogenesis. (7) Here, we analyzed the expression levels of the 15 liver tumor-specific fetal/ neonatal genes that we previously identified in these tumors and found that distinct fractions of these genes were strongly activated either in HRAS-or HRAS/Myc-induced tumors. Importantly, HRAS/Myc-induced tumors also 
Materials and Methods

animal eXpeRiments
C57BL/6J mice were purchased from Charles River Laboratories Japan (Yokohama, Japan).
H19, imprinted maternally expressed transcript (H19) knockout (KO) mice (8) were kindly provided by Dr. S.M. Tilghman (Lewis-Sigler Institute, Princeton University, Princeton, NJ). The protocols used for animal experimentation were approved by the Animal Research Committee, Asahikawa Medical University, and all animal experiments adhered to the criteria outlined in the Guide for the Care and Use of Laboratory Animals. To introduce genes into hepatocytes in vivo, experiments using the combination of the SB transposon system and HTVI were performed as described (Supporting Fig. S1 ). (7) Upon completion of the incubation periods, under deep anesthesia, the livers were briefly perfused with phosphate-buffered saline through the portal vein and fixed with phosphate-buffered 4% paraformaldehyde.
analyses oF Human HCC Cases
The retrospective analyses of surgical specimens were approved by the internal review board of Asahikawa Medical University (approval number 18015). A total of 30 HCC specimens from patients who underwent surgical resection were collected and examined by immunohistochemistry.
immunoHistoCHemistRy
Immunohistochemical staining was performed as described in our previous study. (9) The antibodies used were as follows: anti-phosphorylated AKT (Ser473) 
ReVeRse tRansCRiptaseQuantitatiVe polymeRase CHain ReaCtion
Total RNA was extracted from frozen liver tissues or cultured cells and subjected to reverse transcriptasequantitative polymerase chain reaction (RT-qPCR) analyses as decribed in our previous study. (9) The primers used are shown in Supporting Table S1 . Twodimensional hierarchal clustering of gene expression was performed using z score-normalized data. The z score was cropped to −2.0 to +2.0 when generating a two-color heat map.
BisulFite Dna seQuenCing
Genomic DNA extracted from frozen liver tissues or cultured cells was subjected to bisulfite conversion using the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA). The relevant DNA segments of Line1, the differentially methylated regions (DMRs) of the Igf2 gene, were amplified from the bisulfite-treated genomic DNA by PCR. The primers used in the bisulfite PCR are shown in Supporting Table S2 . The products were analyzed by agarose gel electrophoresis, and the specific bands were excised and purified. Following reamplification, the products were inserted into a plasmid and cloned into competent cells using the TArget Clone (TAK-101; TOYOBO, Osaka, Japan). At least 10 colonies were picked, plasmid DNA was purified from the competent cells, and sequencing of the inserted products was performed using a primer (5′-CAGCTATGACCATGATTACG-3′).
tRansFoRmation oF pRimaRy mouse HepatoCytes By tRansposon-meDiateD integRation oF onCogenes
Hepatocytes were isolated using the two-step collagenase perfusion technique from 12-week-old male C57BL/6J mice, plated on collagen-coated dishes, and cultured in Williams' E medium supplemented with epidermal growth factor (10 ng/mL), insulin (10 -7 M), and 10% fetal bovine serum. After 24 hours, the hepatocytes were transfected with the SB13 transposase-expression plasmid and the transposon cassette plasmids using the Lipofectamine 3000 Transfection Kit (Thermo Fischer Scientific, Waltham, MA). Transformed hepatocytes were cloned using a limiting dilution technique. In some experiments, cloned transformed hepatocytes were treated with a DNA methyltransferase (DNMT) inhibitor (5-aza-2′-deoxycytidine [5-azadC] ; Sigma-Aldrich, Darmstadt, Germany; 3 µM for 3 days); an MEK inhibitor (PD98059; Cell Signaling Technology; 40 µM for 2 days); a Myc inhibitor (10058-F4; Abcam; 50 µM for 2 days); and a GSK3β inhibitor (CHIR99021; Focus Biomolecules, Plymouth Meeting, PA; 10 µM for 2 days).
moRpHometRiC analyses oF immunoReaCtiVity anD tumoR Cell Density
To examine the tumor vasculature, we performed immunohistochemistry for CD31 and LYVE1 and quantified the immunoreactivity. Briefly, six lobes of normal liver tissues and eight to nine nodules of liver tumors induced by various oncogenes were randomly selected and five fields were digitally captured for each sample using a 40× objective. The area of immunoreactive cells and tumor cell density in each field were measured using ImageJ 1.51n (National Institutes of Health, Bethesda, MD).
statistiCal analyses
All data are presented as mean ± SD. Statistical analysis was performed using one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test, an unpaired t test (two-tailed), and Fisher's exact test, using Prism 7 (GraphPad Software, La Jolla, CA).
Results
patHologiC FeatuRes oF liVeR tumoRs inDuCeD By aKt oR HRas alone anD By VaRious ComBinations oF aKt, HRas, anD myc
As described by us, (7) AKT or HRAS alone induced multiple liver tumors following long incubation periods (AKT, 28 weeks; HRAS, 20 weeks), whereas the combination of AKT and HRAS rapidly induced liver tumors (8 weeks To examine whether the introduction of the oncogenes activates the relevant signaling molecules in the tumors, we performed immunohistochemical analyses for phosphorylated AKT, GSK3β (total and phosphorylated), pERK, and Myc ( Fig. 1 ). As expected, in the tumors in which AKT was introduced, there were high levels of AKT phosphorylation; in addition, GSK3β, which is phosphorylated and inactivated by 
ReaCtiVation oF Fetal/ neonatal gene eXpRession in tHe onCogene-inDuCeD liVeR tumoRs
We next examined whether the oncogene-induced tumors expressed the 15 fetal/neonatal genes previously identified in mouse liver tumors that were induced by diethylnitrosamine or CCl 4 .
(2) Messenger RNA (mRNA) expressions of stearoyl-coenzyme A desaturase 2 (Scd2), secretory leukocyte peptidase inhibitor (Slpi), serine peptidase inhibitor, Kazal type 3 (Spink3), lymphocyte antigen 6 complex, locus D (Ly6d), keratin 20 (Krt20), and carbonyl reductase 3 (Cbr3) were induced in tumors generated by various combinations of AKT, HRAS, and Myc at various levels ( Fig. 2) . The mRNA expressions of aldo-keto reductase family 1, member C18 (Akr1c18), glypican 3 (Gpc3), carboxypeptidase E (Cpe), adenosine triphosphate-binding cassette, subfamily D, member 2 (Abcd2), and trefoil factor 3 (Tff3) were specifically increased in HRAS-induced tumors, and the co-introduction of AKT significantly suppressed this expression (Fig. 2) . In contrast, mRNA expressions of Igf2 mRNA binding protein 3 (Igf2bp3), Afp, H19, and Igf2 were increased in HRAS/Myc-induced tumors, and the co-introduction of AKT either suppressed, enhanced, or did not affect the expression (Fig. 2) . The gene expression data were then subjected to unsupervised two-dimensional hierarchical cluster analysis, yielding mRNA expression profiles that clearly segregated HRAS-and HRAS/Myc-induced tumors (Fig. 3) .
DeDiFFeRentiateD pHenotype oF tHe HRas/myc-inDuCeD tumoRs
Because HRAS/Myc-induced tumors appeared to be unique in their immature histologic features and the mRNA expression of Afp and Igf2, we speculated that they might be dedifferentiated toward hepatoblasts or liver stem/progenitor cells. We first confirmed by immunohistochemistry that AFP and IGF2 were expressed in HRAS/Myc-and AKT/HRAS/Mycinduced tumors (Fig. 4A) . We then examined whether these tumors also expressed DLK1, a well-established marker for hepatoblasts, (10) which is highly expressed during the early period of liver development (Fig. 5A) . Interestingly, only HRAS/Myc-induced tumors demonstrated Dlk1 mRNA expression (Fig. 4B ) and DLK1 protein expression (Fig. 4A) . Furthermore, HRAS/Myc-induced tumors also demonstrated mRNA expression of the stem cell markers Nanog and Sox2 (Fig. 4B) . We also examined mRNA expression of the gene encoding hepatocyte nuclear factor 4α (Hnf4α; P1 isoform) and found that the expression levels of the transcript were significantly lower in all the tumors (Fig. 4B) . To examine cholangiocytic differentiation in the tumors, immunohistochemistry for CK19 and Sox9 was performed. CK19 was positive in ductular structures within AKT-induced tumors and in some cells in AKT/HRAS/Myc-induced tumors but was negative in other tumors (Fig. 4A) . Sox9 was positive in the nuclei of the ductules in AKTinduced tumors and in some tumor cells in the AKT/ HRAS-, AKT/Myc-, and AKT/HRAS/Myc-induced tumors (Fig. 4A) . However, no Sox9 immunoreactivity was detectable in the HRAS-and HRAS/Mycinduced tumors (Fig. 4A) . EpCAM, which is highly expressed in large bile ducts, was also weakly positive in the nuclei of normal hepatocytes as well as in the oncogene-induced tumor cells (Supporting Fig. S3 ). These data indicate that the combination of HRAS and Myc was particularly effective in dedifferentiating hepatocytes toward the immature hepatoblast-like state.
We also examined the mRNA expression of the genes activated in HRAS/Myc-induced tumors during liver development. Levels of mRNA expression of Igf2 and H19 were gradually increased, reached a maximum at P7, and then declined to zero (Fig. 5A) , whereas levels of mRNA expression of Igf2bp3 and Afp were induced at an earlier period and were maintained at high levels at P7 (Supporting Fig. S4 ). In contrast, Dlk1 mRNA expression was the highest at E14.5 and declined rapidly thereafter, indicating that DLK1 is a marker for early stage hepatoblasts (Fig. 5A) . Sox2 mRNA and Nanog mRNA expression levels were also significantly high during fetal and neonatal periods ( Fig. 5A; Supporting Fig. S4 ). Hnf4a mRNA expression was increased as hepatocytic maturation progressed (Fig. 5A) . Interestingly, Myc mRNA was highly expressed at E14.5 and gradually decreased in a pattern opposite to Hnf4a (P1) mRNA (Fig. 5A) . Immunohistochemical analyses revealed that Myc protein was highly expressed in the nuclei of most hepatoblasts at E14.5 and E16.5, and the expression gradually decreased thereafter (Fig. 5B) . pERK was detected in the nuclei of a small population of the hepatoblasts at E14.5 but became strongly positive in the nuclei and cytoplasm of most hepatoblasts at E16.5 and declined thereafter (Fig. 5B) . Phosphorylation of GSK3β, which indicates AKT pathway activation, was detected in hepatoblasts with maximum levels at E16.5 and E18.5 (Fig. 5B) . These data suggest that the concomitant activation of the RAS and Myc signaling pathways in HRAS/Myc tumors might mimic conditions during the early stage of liver development.
Dna metHylation status oF Line1 anD tHe DmRs oF tHe Igf2 gene in tHe onCogene-inDuCeD tumoRs
It has been shown that DNA methylation at the 5′ position of cytosine in CpG dinucleotides is involved in the silencing of many genes that are activated during the fetal period. (11) We next investigated the DNA methylation status of Line1, which has been widely used as a surrogate marker for global DNA methylation, (12) in the oncogene-induced liver tumors. There was a slight but statistically significant hypomethylation in the HRAS-and HRAS/Mycinduced tumors when compared with the other tumors ( Fig. 6A; Supporting Fig. S5A ). To examine whether active demethylation took place in the HRAS-and HRAS/Myc-induced tumors, we performed immunohistochemistry for 5hmC, an intermediate that is generated during active demethylation. Although the nuclei of hepatocytes in the control liver were weakly positive for 5hmC, the immunoreactivity was stronger in the nuclei of HRAS-and HRAS/Myc-induced tumors and was very weak or almost undetectable in the other tumors (Fig. 6B) .
To explore the mechanism for the specific expression of IGF2 in HRAS/Myc-induced tumors, we also analyzed the DNA methylation status of the DMRs of the Igf2 gene; these have been demonstrated to be involved in the silencing of its gene expression. (13) We examined the DNA methylation status of the three regions (DMR0, DMR1, and DMR2) in HRAS-, AKT/HRAS-, and HRAS/ Myc-induced tumors. DMR0 is located upstream of the gene and regulates expression of the gene in the placenta, (14) whereas DMR1 and DMR2 are located within the Igf2 gene and regulate the RT-qPCR analyses of mRNA expression levels of Dlk1, Nanog, and Sox2. One-way ANOVA (n = 5-7); *P < 0.05, ***P < 0.005, ****P < 0.001 versus control. Data represent mean ± SD. Abbreviation: PV, portal vein. expression in fetal tissues (Fig. 6C) . (14, 15) The results show that significant demethylation of DMR1 compared with that in the intact liver occurred in all tumors examined, whereas the methylation status of DMR0 and DMR2 remained unaltered ( Fig. 6C;  Supporting Fig. S5B ). Hypomethylation of DMR1 was associated with a decrease in the transcription of the gene coding for methyl-CpG-binding protein 1 (MBD1), which is known to interact with DMRs (16) (Fig. 6D) . These results suggest that epigenetic silencing of the Igf2 gene might be cancelled nonspecifically in liver tumors but that the activation of Igf2 gene expression requires a further mechanism to enable transcription.
Transcription of the Igf2 gene and the adjacent H19 gene is regulated by the same enhancer (H19 endoderm enhancer), which is located downstream of the H19 gene. (17) Furthermore, a previous report showed that H19 mRNA can enhance Igf2 gene transcription when MBD1 expression is suppressed. (18) In fact, in HRAS/Myc-induced tumors, the levels of Igf2 mRNA were significantly correlated with H19 mRNA expression (Fig. 6E) . To examine the effect of the loss of H19 noncoding mRNA and the H19 endoderm enhancer on the transcriptional regulation of the Igf2 gene, we introduced HRAS and Myc into the livers of homozygous H19 KO mice. There were no discernible differences in the time course of tumorigenesis and pathologic features between the tumors generated in the H19 KO and wild-type (WT) mice (Supporting Fig. S6A,B) . However, the expression of Igf2 mRNA was induced in the tumors in H19 KO mice, although the levels were significantly lower compared with those in WT mice (Fig. 6F) , suggesting the presence of a mechanism for Igf2 gene induction that is independent of the expression of H19 mRNA and its endodermal enhancer.
gene eXpRession oF enZymes inVolVeD in Dna metHylation anD DemetHylation in onCogene-inDuCeD liVeR tumoRs
Our data showed that the emergence of a dedifferentiated phenotype in the oncogene-induced liver tumors might be associated with the epigenetic regulation of DNA methylation levels. We then examined the gene expression of enzymes that are involved in DNA methylation and demethylation. It has been demonstrated that DNA methylation is mediated by DNMT, maintenance DNA methylation is mediated by DNMT1, and de novo DNA methylation is mediated by DNMT3a and DNMT3b. (19) Although the suppression of DNMT leads to "passive" demethylation through cell division, "active" demethylation can be accomplished by ten-eleven-translocation (Tet) enzymes, which mediate the oxidation of 5-methylcytosine to 5hmC and remove its methyl residue in a cell division-independent manner. (20) RT-qPCR analyses demonstrated that Dnmt1 mRNA expression was increased specifically in HRAS/Myc-and AKT/HRAS/Myc-induced tumors, whereas Dnmt3a mRNA expression was significantly decreased in AKT-, HRAS-, AKT/HRAS-, and AKT/Mycinduced tumors (Fig. 7A) . Dnmt3b mRNA expression was increased to varying extents in all the tumors except for the AKT-induced tumors (Fig. 7A) . Tet methylcytosine dioxygenase 1 (Tet1) mRNA expression was markedly increased in the HRAS-and HRAS/Myc-induced tumors (Fig. 7A) , compatible with the findings of the presence of immunoreactivity for 5hmC in these tumors (Fig. 6B) . Tet2 mRNA expression was not affected in any of the tumors, whereas Tet3 mRNA expression was suppressed in the AKT-, HRAS-, AKT/HRAS-, and AKT/Mycinduced tumors (Fig. 7A) .
These data suggest that HRAS/Myc-induced tumors with hepatoblastoma-like features are characterized by the activation of both DNA methylation and demethylation, which might be a recapitulation of the epigenetic status of the immature liver. We then examined the time course of the mRNA expression of either DNMT or Tet family members during mouse liver development (Fig. 7B) . Dnmt1 mRNA expression exhibited its highest levels in E14.5 and E16.5 livers and gradually decreased thereafter, whereas the mRNA expression of Dnmt3a and Dnmt3b was high throughout the fetal and perinatal periods (Fig. 7B) . Maximal Tet1 mRNA expression was observed at E14.5 and E16.5, but the expression was increased also at P7 (Fig. 7B) . Tet2 mRNA expression increased at a later period of liver development, whereas Tet3 mRNA expression levels were slightly higher during the fetal and neonatal periods compared with those in the adult liver (Fig. 7B) .
laCK oF Fetal/neonatal gene eXpRession in HepatoCytes tRansFoRmeD
IN VITRO By tRansFeCtion WitH HRas anD myc
To further examine the mechanisms for oncogene-mediated fetal/neonatal gene expression, we applied transposon-mediated gene delivery to the in vitro transformation of mouse hepatocytes. Primarycultured mouse hepatocytes were transfected with Fig. S7A ). The established clones (RMC1-3) expressed both FLAG-HRAS mRNA and Myc mRNA at slightly less but comparable levels to those observed in HRAS/Mycinduced tumors (Supporting Fig. S7B ).
The mRNA expression levels for Dnmt1 and Tet1 were variable, and those for Dnmt3a and Dnmt3b were very low in the transformed cell lines when compared with those in HRAS/Myc-induced liver tumors in vivo (Supporting Fig. S7B ). To explore whether the gene expression of these enzymes was controlled by the RAS-MEK, Myc, and PI3-AKT pathways, we performed experiments using specific inhibitors for MEK (PD98059), Myc (10058-F4), and GSK3 (CHIR99021). The mRNA expression of DNMTs was augmented by MEK inhibition but was suppressed by Myc inhibition (Supporting Fig. S8 ). GSK3 inhibition enhanced the mRNA expression of Dnmt1 and Dnmt3 but suppressed that of Dnmt2 (Supporting Fig. S7 ). Tet1 mRNA expression was affected only slightly by these inhibitors (Supporting Fig. S8 ). These results suggest that the gene expression of epigenetic regulation factors was only partially dependent on the oncogenic alterations of these signaling pathways.
We examined the DNA methylation levels of Line1 and Igf2 DMR1 in RMC1 and found that they were maintained at the levels similar to those in the control liver ( Fig. 8A; see Fig. 6A ,C for the control liver). In accordance with the lack of demethylation, HRAS/Myc-induced cell lines did not activate the gene expression that was characteristic in the HRAS/ Myc-induced tumors in vivo (Supporting Fig. S9 ). To examine whether the maintained DNA methylation withheld the fetal/neonatal gene expression in the cell lines that were transformed by HRAS/Myc, we examined the effects of 5-azadC, an inhibitor of DNMTs, on the mRNA expression of these genes. Bisulfite sequencing demonstrated that the DNA methylation levels of Line1 and Igf2 DMR1 in RMC1 were reduced (Fig. 8A) . Although there were considerable variations among the cell lines, the mRNA expression levels of Dlk1, Afp, Igf2, H19, Nanog, and Sox2 were increased by 5-azadC treatment ( Fig. 8B; Supporting  Fig. S8 ). The mRNA expression levels of Scd2, Slpi, Tff3, Akr1c18, Ly6d, Gpc3, and Cpe were also increased (Supporting Fig. S8 ). In contrast, the mRNA expression levels of Spink3, Scd2, and Abcd2 were suppressed by 5-azadC treatment (Supporting Fig. S9 ).
uniQue IN VIVO miCRoenViRonment in liVeR tumoRs WitH DeDiFFeRentiateD FeatuRes
Our results suggested that the dedifferentiated phenotype with epigenetic alterations could be strongly influenced by the in vivo microenvironment. There was a general increase in F4/80-positive macrophages without significant inflammatory reactions in the tumor tissues (Supporting Fig. S10 ). Furthermore, all the tumors demonstrated similar levels of the activation of hepatic stellate cells (Supporting Fig. S10 ). Because epigenetic mechanisms have been shown to be regulated by oxygen availability, we analyzed the vascularity of the tumors by immunohistochemistry for CD31, a marker for endothelial cells, and LYVE1, a marker for sinusoidal endothelial cells. (21) In the normal liver tissues, most of the sinusoidal endothelial cells were positive for LYVE1 but were negative for CD31, which was only positive in the portal veins, central veins, and hepatic arteries (Fig. 8C-E) . In contrast, the tumor vasculature was exclusively composed of CD31-positive, LYVE1-negative endothelial cells in the AKT-, AKT/HRAS-, AKT/Myc-, HRAS/Myc-, and AKT/HRAS/Myc-induced tumors (Fig. 8C-E) . However, the HRAS-induced tumors characteristically contained both CD31-positive and LYVE1-positive endothelial cells (Fig. 8C-E ), indicating the possible participation of the original sinusoidal structures in the tumor vasculature. Among the tumors, tumor cell density was extremely high in the HRAS/Myc-induced tumors, although the density of CD31-positive tumor vessels was comparable to those in the other tumors (Fig. 8E,F) . Interestingly, the expression of CA IX, a marker for tissue hypoxia, was more marked in the HRAS-and HRAS/ Myc-induced tumors compared with other tumors (Fig. 8C) . Although CA IX is a transmembrane protein and typically detected at the cell membrane, cytoplasmic CA IX, which could be attributed to endocytosis, (22) was also found in tumor cells. (23) pReFeRential eXpRession oF DeDiFFeRentiation maRKeRs in myC-positiVe Human HCC
We retrospectively examined human HCC cases for the expression of MYC and dedifferentiation marker proteins (AFP, IGF2, and DLK1) by immunohistochemistry and tested whether MYC-positive tumors were more prone to express the dedifferentiation markers (Fig. 9A) . The analyses demonstrated that AFP-, IGF2-, and DLK1-positive tumors were more frequent in MYC-positive tumors compared with MYC-negative tumors ( Fig. 9B ; statistically significant in AFP and DLK1, Fisher's exact test). Phosphorylated AKT was detected either in MYC-positive or MYC-negative tumors ( Fig. 9A ; Supporting Table S3 ). Interestingly, in a case (#4) negative for the differentiation markers despite strong MYC expression, tumor cells were highly positive for phosphorylated AKT (Fig. 9A) . There was also intratumoral heterogeneity in the expression of the differentiation markers that was partly associated with the levels of MYC and phosphorylated AKT (Fig. 9C , case #1).
Discussion
In the present study, we showed that hepatocytederived liver tumors induced by various oncogenes reactivated the expression of genes that are actively transcribed and expressed in fetal or neonatal livers. In particular, HRAS and HRAS/Myc generated tumors with distinct batteries of fetal/neonatal genes, and the latter also expressed Dlk1 mRNA and DLK1 protein, a marker of early stage hepatoblasts, and the mRNA for two well-established stem cell markers (Sox2 and Nanog). In our previous report, the transposon-mediated introduction of Myc and activated Yes-associated protein (YAP) (an S127A mutant) into mouse hepatocytes induced dedifferentiated tumors that expressed Afp, Dlk1, Nanog, and Sox2 (9) as well as Igf2, H19, and Tff3 (Watanabe et al., unpublished data). Our analyses of human HCC cases also demonstrated that MYC expression was closely associated with the expression of AFP, IGF2, and DLK1. These results suggest that the activation of Myc is crucial for the hepatoblastic dedifferentiation of mature hepatocytes. This notion is consistent with our findings that show that Myc is highly activated in hepatoblasts during early liver development. HRAS/Myc-and Myc/YAP-induced tumors share hepatoblastoma-like dedifferentiated histologic features. However, in contrast to Myc/YAPinduced tumors, which were reminiscent of combined hepatocellular-cholangiocarcinoma, (9) HRAS/Mycinduced tumors comprised uniformly small cells and lacked evidence of biliary differentiation, suggesting a more dedifferentiated state.
The concomitant activation of the PI3K-AKT pathway by the introduction of AKT enhanced tumorigenesis but suppressed the expression of the fetal/ neonatal genes that were specifically expressed in the HRAS-induced tumors. Although HRAS/Myc/ AKT induced tumors that were diffuse and aggressive within short incubation periods, the mRNA expression levels of Igf2bp3 and H19, which were activated in the HRAS/Myc-induced tumors, were significantly repressed. Furthermore, Dlk1 mRNA and DLK1 protein expression as well as Sox2 mRNA expression were diminished in HRAS/Myc-induced tumors when AKT was co-introduced. Similar suppression of One-way ANOVA (control, n = 6; liver tumors, n = 8-9); *P < 0.05, ***P < 0.005, ****P < 0.001 versus control. Abbreviation: PBS, phosphate-buffered saline.
fetal/neonatal protein expression was noted in human HCC tissues in which AKT was phosphorylated. In our previous experiments, mRNA expression of the fetal/neonatal genes found in Myc/YAP-induced tumors was also suppressed in more aggressive and "poorly differentiated" AKT/Myc/YAP tumors. These results indicate that PI3K-AKT signaling pathway activation suppresses the "dedifferentiated" phenotype of tumor cells but facilitates hepatocarcinogenesis. In the dedifferentiated tumors induced by HRAS and HRAS/Myc, GSK3β was not phosphorylated and thus apparently activated. Suppression of GSK3β activity has been demonstrated to facilitate the hepatocytic differentiation of adipose stem cells. (24) Our results also suggest that the aggressiveness of liver tumors with higher cellular or structural atypia might be separable from the degree of dedifferentiation, implying that the general notion that dedifferentiation correlates with higher tumor grades might not always be the case.
Promoter methylation has been shown to regulate the transcription of many fetal genes and stem cell-associated genes, including Afp, (25) Igf2, (14, 15) Dlk1, (26) and Nanog. (27) The hypomethylation of Line1 DNA increased 5hmC levels in the nuclei of tumor cells, and the higher expression levels of Tet1 suggested that Table S3 ). Photographs taken from three adjacent but distinct areas within a tumor nodule. All photographs were taken at the same magnification; scale bar, 40 µm. Abbreviation: HE, hematoxylin and eosin. a state of global DNA demethylation was present in HRAS-and HRAS/Myc-induced tumors. Our study also demonstrated that the dedifferentiated tumors induced by HRAS and Myc expressed Dnmt mRNA at high levels, suggesting the existence of a dynamic state of active demethylation and methylation. The analyses of the developing livers revealed that the fetal livers showed high levels of mRNA expression of both DNMT and Tet family members, especially at the earlier periods, further highlighting the similarities between the HRAS/Myc-induced tumors and fetal livers. Our results are compatible with the notion that dynamic DNA demethylation and methylation take place during gametogenesis and early development. (28) In contrast to the tumors induced by HRAS and Myc in vivo, the cells transformed by these oncogenes in vitro scarcely expressed fetal/neonatal genes. This was associated with the lack of mRNA expression of DNA methylating and demethylating enzymes, and the 5-azadC treatment partially restored the fetal/ neonatal gene expression. These results suggest that the in vivo microenvironment is necessary for epigenetic alterations. In the normal liver parenchyma, vascular networks exist that are lined by sinusoidal endothelial cells (LYVE1 positive), which are distinct from the usual endothelial cells (CD31 positive). In contrast, liver tumor vessels are typically CD31 positive and LYVE1 negative, corresponding to a switch of vascular supply from the portal system to the arterial system. (21) In our study, although most liver tumors contained vessels with CD31-positive endothelial cells, HRAS-induced tumors characteristically retained LYVE1-positive sinusoidal structures, which might imply the occurrence of a hypoxic portal blood supply in these tumors. Cell density is another factor that mediates the hypoxic status in tumors and nuclear hypoxia-inducible factor-1α expression, (29) and this was particularly higher in HRAS/Mycinduced tumors with an increased expression of Tet1 mRNA than in the other tumors.
The functional significance of fetal/neonatal gene activation in hepatocarcinogenesis remains unclear. H19 has been implicated in experimental hepatocarcinogenesis as either an oncogene or a tumor suppressor. (30, 31) Our study indicates that the loss of H19 as well as the concomitant suppression of Igf2 gene expression did not significantly affect the tumorigenesis induced by HRAS/Myc. We also previously showed that the mRNA expression levels of 15 mouse tumor-specific fetal/neonatal genes, including H19, Igf2, Afp, and Gpc3, were not correlated with steadystate tumor cell proliferation itself.
(2) However, recent evidence has shown that IGF2 might be an epi-driver in mouse hepatocarcinogenesis that is induced by the transposon-mediated activation of Myc and AKT. (32) High levels of DLK1 gene expression have been documented in a fraction of human hepatoblastoma cases. (33) Human hepatoblastoma has been reported to frequently harbor mutations on the β-catenin gene that stabilize its protein product. (34) In mice, the combination of activated β-catenin and YAP has been shown to generate hepatoblastoma-like tumors with the spontaneous activation of Myc expression. (35) Myc-induced hepatocarcinogenesis has been reported to be facilitated by the expression of activated β-catenin, resulting in the generation of DLK1-positive hepatoblastoma-like tumors. (36) We demonstrated here that the combination of HRAS and Myc also induced dedifferentiated tumors with hepatoblastic features, suggesting that Myc plays an essential role in the reprogramming of hepatocytes toward hepatoblastic cells. Although it has been long argued that the hepatoblastoma-like subtype of HCC and combined hepatocellular-cholangiocarcinoma could be derived from hepatic stem/progenitor cells, (1, 37) our data indicate that even fully matured hepatocytes could be the cells of origin of such tumors through oncogeneinduced transformation and dedifferentiation.
